Abstract The composition of volatile organic compounds emitted by in vitro shoots of Agastache rugosa (Fischer & C.A. Meyer) O. Kuntze (Lamiaceae) was studied using headspace solid-phase microextraction-gas chromatography-mass spectrometry and compared to the those emitted by adult plants and in vitro-germinated seedlings. Shoot-tip explants were cultured on a solid MS medium supplemented with either 4.4 lM 6-benzyladenine (BA), 9.3 lM kinetin, or 0.45 lM thidiazuron and with either 0.57 lM indole-3-acetic acid (IAA) or 0.41 lM picloram. Shoot proliferation was observed in all these treatments. The presence of these plant growth regulators in the culture medium significantly influenced the composition of volatiles as well as morphogenetic responses observed. The number and quality of regenerating shoots and frequency of axillary bud break were highest in medium containing the BA ? IAA combination. Sixty-five compounds were identified in the headspace of the in vitroproduced material and plants cultivated in the field. The in vitro shoots emitted both hydrocarbon (limonene, a-pinene) and oxidized (menthone, isomenthone, pulegone) monoterpenes. The composition of monoterpenes differed depending on the type of auxin-rather than cytokinin-in the medium. The emission of phenylallyl compounds, such as estragole, a major compound in field-grown plants, was markedly lower in shoot cultures.
Introduction
Agastache rugosa (Fischer & C.A. Meyer) O. Kuntze (Lamiaceae) (also known as giant hyssop or Korean mint) is widely distributed throughout East Asia and is used locally as a herbal drug and spice. It has antibacterial and antifungal activity (Shin 2004; Song et al. 2001) and is used against fever, headache, stomach pain and other gastrointestinal disorders (Dung et al. 1996) .
Essential oil and headspace volatile organic compounds (HS-VOCs) of A. rugosa usually contain estragole (methyl chavicol) as a major compound (Dung et al. 1996; Song et al. 2001; Wilson et al. 1992) . Chae et al. (2005) grouped Korean A. rugosa plants into five chemotypes, namely, estragole, menthone, menthone plus pulegone, methyleugenol, and methyleugenol plus limonene. The methyleugenol chemotype of A. rugosa has also been described by Weyerstahl et al. (1992) . In A. rugosa grown in Scotland from seeds of various sources (Svoboda et al. 1995) , estragole (EG) was the main component in most samples, with some samples also containing isomenthone and pulegone. The content of isomenthone increased during development from 8.5 to 45%.
The composition of VOC impacts the quality and bioactivity of aromatic herbs and essential oils. The complexity of the emitted mixtures is also crucial for protecting the plant from pests and attack by pathogens. Therefore, many efforts have been made to discover the mechanisms of VOC regulation. In vitro methodology provides a useful tool for investigating individual factors at work during volatile biosynthesis (Predieri and Rapparini 2007) . However, the secondary metabolite profile of in vitro-grown plants is usually altered in comparison that of free-grown plants, although the detailed mechanism of this phenomenon is not fully understood (Morone-Fortunato and Avato 2008; Nitnaware et al. 2011; Sood and Chauhan 2010) .
The aim of this study was to compare the chemical composition of HS-VOCs emitted by in vitro shoot cultures of A. rugosa grown on media containing one of two auxins-natural indole-3-acetic acid (IAA) and the auxinic herbicide picloram (PIC)-and one of three cytokininskinetin (KIN), 6-benzyladenine (BA), and thidiazuron (TDZ). The morphogenetic response to each plant growth regulator (PGR) treatment was also observed. The VOC profile was compared to that of field-grown adult plants and of in vitro-raised seedlings, and the influence of in vitro conditions on the proportions of phenylallyl volatiles and monoterpenes as well as on the proportions of the different monoterpenes was analyzed and discussed.
Materials and methods

Plant material
Agastache rugosa plants were cultivated in the Botanical Garden of Medicinal Plants (BGMP) at the Department of Pharmaceutical Biology and Botany in Wroclaw, Poland. For the HS-VOC analysis we used 4-week-old seedlings obtained from in vitro-germinated seeds, shoots of A. rugosa obtained by in vitro multiplication, and leaves of a 3-year-old flowering plant cultivated in the field.
Establishment of in vitro germinated seedlings and shoot cultures
Seeds were surface sterilized with 5% sodium hypochlorite, rinsed with sterile distilled water, and sown on basal MS (Murashige and Skoog 1962) medium containing 30 g/ L sucrose and 6 g/L agar (LAB-AGAR, Biocorp, Poland). Four-week-old in vitro-germinated seedlings were used for volatile extraction and for the establishment of shoot cultures. Shoot tips with an apical bud and two axillary buds were excised and individually transferred to a shoot proliferation medium in 40 9 300-mm culture tubes. The proliferation medium consisted of MS basal medium without plant growth regulators (MS0) or supplemented with specific concentrations of one of three cytokinins, namely, 4.4 lM BA, 9.3 lM KIN, or 0.45 lM TDZ, together with one of two auxins, i.e., IAA (0.57 lM) or PIC (0.4 lM). These PGRs and the concentrations were previously identified in a preliminary experiment as optimal for yielding sufficient shoots that would allow for determination of the emission of volatile compounds (data not shown).
Cultures were maintained at 25 ± 2°C under a 16/8-h (light/dark) photoperiod with cool-fluorescent light supplied by ILD 18 W/54 lamps (Philips Lighting, Paris, France) at a photon flux density of 40 lM m -2 s -1 . After 28 days of culture, data were recorded on the number of axillary bud break, number of shoots and buds per explant, and number of adventitious buds per callus formed at the basal ends of explants. Shoots shorter than 3 mm in length were designated as buds.
All data were subjected to statistical analysis using a one-way analysis of variance (ANOVA) followed by the Mann-Whitney U-test and Kruskal-Wallis nonparametric (distribution free) tests. The calculated percentages of axillary bud break and callus formation were compared using the chi-square nonparametric test (Statistica ver. 8.0; Statsoft, Tulsa, OK) . The statistical significance of differences between treatments were considered significant at P B 0.05.
HS solid-phase microextraction-gas chromatography-mass spectrometry The volatiles were extracted using a manual solid-phase microextraction (SPME) technique which consists of a fiber coated with 50/30-lm divinylbenzene-carboxenpolydimethylsiloxane (DVB/CAR/PDMS) mounted in a syringe-like device (Supelco, Bellefonte, PA). Fresh material (100 mg) was placed in a 15-mL sealed vial, and the sample incubated at 60°C for 15 min and then equilibrated with the fiber immersed in the headspace for 30 min. The volatiles were thermally desorbed in the injector of the chromatograph for 10 min. Gas chromatography (GC) analysis was performed using a Trace GC Ultra oven with DSQ II mass spectrometer (MS) (Thermo Electron, Waltham, MA) with a SSL (split-splitless) injector, flame ionization (FID), and mass selective detectors, and FID-MS splitter (SGE Analytical Science, Melbourne, Australia). Operating conditions included a Rtx-1 ms capillary column (Restek; Thermo Fisher Scientific, Waltham, MA) 60 m 9 0.25 mm; film thickness 0.25 lm; temperature program 60°C (4 min) up to 300°C at 4°C/min; injector temperature 250°C; FID temperature 300°C; carrier gas He 2 at a regular pressure of 200 kPa; split ratio 1:20. Mass spectra (ionization voltage 70 eV; ion sources temp 200°C) were acquired over the mass range 30-4,000 Da. Identification was based on the comparison of the retention indices (RI) and mass spectra with available libraries (Wiley 8th edn, NIST 05, MassFinder 4) and with literature data (Adams 2007) . A quantitative analysis (expressed as percentages of each component) was carried out by peak area normalization measurements without correction factors. Three replicates were done for each different medium, and the relative standard deviation (RSD) was calculated for compounds exceeding 1%.
Results and discussion
In vitro shoot proliferation Supplementation of the culture media with BA resulted in the highest number of lateral shoots and about 70% of explants forming axillary shoots (Table 1) . On media containing other cytokinins, both the percentage of axillary bud break of explants and mean number of shoots were lower.
The highest and second highest number of developing axillary shoots were obtained after 4 weeks of culture on BA/IAA and BA/PIC, respectively; the difference was not significant (Table 1) . The cytokinin BA has also been used for shoot multiplication of other Lamiaceae, including Salvia sclarea (Liu et al. 2000) , S. officinalis (Santos-Gomes and Fernandes-Ferreira 2003), Rosmarinus officinalis (Misra and Chaturvedi 1984) , Melissa officinalis (Meszaros et al. 1999) , and Lavandula dentata (Sudria et al. 1999) . In terms of A. rugosa shoot induction, supplementation with BA was superior to that with KIN . The use of KIN resulted in a lower number of shorter shoots with palegreen leaves with white sectors and in more intensive callus formation. A similar effect was observed by Misra and Chaturvedi (1984) for R. officinalis and by Meszaros et al. (1999) for M. officinalis.
Supplementation with the cytokinine TDZ was the least efficient treatment in terms of shoot induction and multiplication, resulting in malformed, light-green stems and leaves. The number of shoots per explant was significantly lower on medium containing TDZ than on medium containing BA (Table 1) . Differences in reactions to various kinds of cytokinins are frequent during in vitro shoot organogenesis in plants and have been reviewed recently by Magyar-Tabori et al. (2010) . Adventitious shoot organogenesis occurred on callus formed at the basal part of explants grown on all media containing PGRs. The number of adventitious buds per callus was highest on medium containing BA, followed by medium containing KIN and TDZ. Additionally, the total shoot number per explant was higher on IAA than on PIC, for all cytokinins. Despite the suboptimal performance of in vitro shoots on KIN and TDZ media, the cultures were used for comparative volatile analysis. Composition of volatiles
The 65 identified compounds and their mean contents are listed in Table 2 in order of their elution from the GC column. The RSD for compounds present at amounts exceeding 1% did not exceed 5%. We observed two main trends in VOC composition: (1) there were remarkable differences in the composition of VOCs between the adult plant, seedling, and in vitro shoot cultures; (2) there were complex variations in the proportions of individual compounds between in vitro shoots cultured with different auxins and cytokinins. With respect to the first observation, the predominance of a phenylallyl compound typical of this species, namely, estragole, was confirmed in an adult plant (Wilson et al. 1992) . The second in abundance was a monoterpene hydrocarbon, limonene, which constituted only 3.7%, while none of the remaining compounds exceeded 0.2%. In the seedlings, the proportion of EG was reduced to 21%, whereas an oxidized monoterpene, pulegone, was the most prevalent (71.3%), and the limonene content was comparable to that in the fully developed plant. In the in vitro cultures, The most obvious difference between in vitro cultures and adult plants/seedlings was an almost complete absence of phenylallyl volatiles in the former-either EG or any other. Only the culture on the TDZ/PIC combination emitted a small amount (0.7%) of trans-anethole, while all others emitted at most 0.1% or trace amounts of either EG or trans-anethole. Instead, monoterpenes constituted the great majority of volatiles. Regardless of the plant material, the major compounds were accompanied by several sesquiterpenoids as well as aliphatic (C5, C6, C7, C8, C9) alcohols, aldehydes, esters, and ketones (some of which are known as green leaf volatiles), none of which exceeded 1% of the total VOCs. In essential oil from a related species, A. anethiodora, a drastic decrease in EG and an increase in monoterpene hydrocarbons and isomenthone/menthone was observed upon infection by cucumber mosaic virus (Bruni et al. 2007) . Several other authors have also reported a great diversity of essential oil composition between samples of different origin (Chae et al. 2005; Svoboda et al. 1995) , but there is no complete explanation of the possible cause of this variation. In vitro ontogenetic changes in the composition of secondary metabolites, including volatiles, are known to occur in many plants-for example, mint (Phatak and Heble 2002) or basil (Lewinsohn et al. 2001) , and the present observations suggest that phenylallyl and monoterpene biosynthesis in A. rugosa is developmentally regulated. On the growth regulator-free MS medium, pulegone was the single major compound (over 90%), with a small proportion of limonene, which is the first committed intermediate of the menthane pathway. The hydrocarbon monoterpene fraction increased to 20-50% in in vitro cultures on media containing PGRs, but in the presence of PIC the emission of limonene was lower than a-pinene. The latter compound was detected only in low amounts in the seedlings and in cultures on PGR-free and IAA-supplemented media. The levels of menthane compounds, such as menthone/isomenthone (two enantiomers derived biosynthetically from pulegone) and pulegone, also differed significantly between cultures on IAA-and PIC-supplemented medium: menthone/isomenthone levels in PIC-supplemented medium were about double those on IAA-supplemented medium, while the pulegone level on the former was about one-fifth to onehalf that on the latter. These differences were lowest on KIN-containing medium and highest on TDZ-containing medium, but the influence of auxins was more evident than that of cytokinins.
Santos-Gomes and Fernandes-Ferreira (2003) reported that the essential oil composition of Salvia officinalis shoots was not influenced by the cytokinin composition of the various media, but the only auxin used in their study was 2,4-dichlorophenoxyacetic acid. Arikat et al. (2004) observed that there were slight deviations in major monoterpene proportions between S. fruticosa microshoots obtained on a single medium (0.1 lM gibberellic acid, 0.1 lM 1-naphthaleneacetic acid, and 2 lM BA) and in vivo plants, but the constituents were the same. In contrast, in vitro shoot cultures of thyme (Thymus vulgaris) differed in essential oil composition depending on composition of the plant hormones in the media (Affonso Ribeiro et al. 2009 ). Among three cytokinins (BA, KIN and zeatin) and IAA added at various concentrations, the latter at 1 lM caused the most significant increase in thymol level and decrease in levels of hydrocarbon monoterpenes. The influence of different concentrations of cytokinins was less significant, and apparently one of the three tested concentrations was more efficient, albeit without any clear correlation.
In our study, supplementation with the natural auxin IAA or the synthetic PIC resulted in a markedly different response in monoterpene composition. However, due to the insufficient material yield we were unable to study the possible effects of other concentrations of PGRs on the composition of VOCs. The differences described here suggest some differential influence of the two types of auxins on monoterpene metabolism. However, very few details are known on the physiological mechanisms of action of the synthetic auxin PIC, which is a pyridine herbicide, and how these differ from those of the natural hormone IAA (Kelley and Riechers 2007) . These differences should be further explored to reveal any quantitative correlation between the levels of exogenous auxins-rather than of cytokinins-and those of the monoterpene volatiles. In another study (Shin et al. 2001) (extracted with dichloromethane) from the tissue culture of A. rugosa, the profile was also completely altered in callus compared to the mature plant. The occurrence of estragole at a low percentage (0.58% compared to over 50% in an extract from leaves) and increases in monoterpene peaks were observed upon elicitation with jasmonic acid and methyl jasmonate. However, the quantitative relationships between the major monoterpenoids were not reported. It may be speculated that not just developmental processes, but also stress mediators and hormonal regime can orchestrate the complex volatile biosynthesis in A. rugosa, resulting in significant variations in their composition. The mechanisms of these two apparently competitive major pathways leading to a predominance of either phenylallyls or monoterpenes need further exploration and may provide an interesting model for metabolic studies. 
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